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Abstract 15 
Despite the growing interest in soft robotics, little attention has been paid to the development of 16 
soft matter computational mechanisms. Embedding computation directly into soft materials is not 17 
only necessary for the next generation of fully soft robots, but also for smart materials to move 18 
beyond stimulus-response relationships and towards the intelligent behaviours seen in biological 19 
systems. This article describes the Soft Matter Computer (SMC), a low-cost and easily fabricated 20 
computational mechanism for soft robots. The building block of an SMC is a conductive fluid 21 
receptor (CFR), which maps a fluidic input signal to an electrical output signal via electrodes 22 
embedded into a soft tube. SMCs can perform both analogue and digital computation. The potential 23 
of the SMC is demonstrated by integrating them into three soft robots: (i), a Softworm robot is 24 
controlled by an SMC which generates the control signals necessary for three distinct gaits; (ii), a 25 
soft gripper is given a set of reflexes which can be programmed by adjusting the parameters of the 26 
CFR; and (iii), a two degree of freedom bending actuator is switched between three distinct 27 
behaviours by varying only one input parameter. The Soft Matter Computer is a low-cost way to 28 
integrate computation directly into soft materials, and an important step towards entirely soft 29 
autonomous robots. 30 
Summary 31 
Conductive Fluid receptors can be used to create soft matter computers which are suitable 32 
for the control of soft robots. 33 
 34 
MAIN TEXT 35 
 36 
Introduction 37 
The next generation of robotic systems must be capable of safely operating in complex, 38 
dynamic environments. Integrating soft matter into the system is an elegant way of 39 
achieving this; by exploiting the inherent compliance of soft materials, robots which adapt 40 
to—rather than resist—the environment can be developed (34, 35, 38). This insight has 41 
driven recent interest in soft robotics, leading to the development of soft matter actuation 42 
(10, 23, 59, 64), sensing (20, 27, 51, 79), and power (14, 53, 91) systems. However, far less 43 
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attention has been paid to the development of soft matter mechanisms for computation. The 44 
range and complexity of behaviours that can be created using only materials-based control 45 
approaches is limited, and as a result, soft robotic systems have until now mostly been 46 
controlled by electronic microcontrollers. A better approach for soft matter systems could 47 
be to build a soft matter computational system directly into the body of the robot. This would 48 
lead to a new generation of soft robots, with levels of autonomy similar to their rigid cousins, 49 
but without sacrificing the benefits associated with soft materials. 50 
In this paper, we introduce the conductive fluid receptor (CFR) and show it is a fundamental 51 
building block for a range of Soft Matter Computers (SMCs). The SMC concept takes 52 
inspiration from the way in which the vascular system is used in biological systems to 53 
encode and transmit information that is processed locally in distinct organs. For example, 54 
hormones such as adrenaline, are released into the bloodstream and disperse throughout the 55 
body. When detected by an appropriate receptor, hormones trigger a local response (e.g. 56 
increased blood-flow in flight muscles, and dilation of the pupils in the eyes). In a similar 57 
way, an SMC encodes information in the spatial structure of a fluidic tape which travels 58 
through the soft body. When this information is detected by an appropriate receptor, it 59 
generates an output. We show SMC architectures for performing both analogue and digital 60 
computation and a number of ways in which these simple architectures can be composed to 61 
compute more complex functions. We further demonstrate that the outputs generated by an 62 
SMC can be connected directly to soft actuators and embedded within the body of a robot, 63 
creating a range of robots with integrated soft matter controllers. 64 
In order to introduce a new computational mechanism, we must first consider what it means 65 
to do computation in this context. We follow the widely accepted definition from (28) which 66 
defines a computer to be a physical device that can be used to perform a mapping between 67 
objects in abstract (information) space (13, 29, 42). The introduction of a new computational 68 
mechanism therefore requires that we specify an input encoding, a physical mapping and 69 
output decoding. The specific mapping performed by the computer is referred to as the 70 
program and may be fixed by the structure of the hardware or adjusted by a separate 71 
programming mechanism.  72 
In our Soft Matter Computer, patterns of conducting and insulating fluids encode the input. 73 
As the fluid progresses, the information in the spatial pattern of the input is mapped to an 74 
electrical current by the CFRs. This output current can be used to control a variety of soft 75 
materials, actuators or even complete robots. The mapping (i.e. the program) from input to 76 
output is controlled by the length, offset and spacing of the CFR’s electrodes, allowing the 77 
designer to program a wide range of input-output mappings. These structures operate at low 78 
voltages and pressures, do not require complex fabrication processes, and can be easily 79 
interfaced with soft mechanoreceptors. 80 
In contrast to the plethora of computational mechanisms used by biological systems (52, 54, 81 
78), computation in synthetic devices is almost entirely performed by electronic processors. 82 
Whilst there has been significant research into unconventional mechanisms for computation 83 
(2, 18, 69), much of this work has been concerned with proving these alternatives are Turing 84 
complete (1, 41). Where practical demonstrations of such approaches have been developed, 85 
they often require the use of conventional electronic computers (71), complex mechanisms 86 
for encoding a specific input (43) or cannot be easily (re)-programmed (32). 87 
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Without practical means of integrating computation into smart materials, research has 88 
mostly been limited to engineering stimuli-response relationships (3, 16, 19). Constructing 89 
higher level behaviours, such as decision-making, adaptation, and learning, from purely 90 
reactive mechanisms is notoriously difficult (4, 46). As such, smart materials have yet to 91 
demonstrate the diversity of behaviours seen in biological materials (17, 36, 57). As a further 92 
consequence, the majority of soft robots still use control approaches developed for rigid 93 
systems (11, 39, 70), introducing rigid elements (or tethers) into otherwise soft systems, and 94 
therefore limiting their adaptability. The development of soft matter computing will enable 95 
roboticists to create a new class of entirely soft robots. In turn, these smart material-based 96 
robots will enable new possibilities in environmental monitoring, pollution clean-up, 97 
energy-harvesting, drug-delivery, wearable bio-sensing and prosthetic devices, and self-98 
healing composites. 99 
As a result, there is considerable interest in developing soft matter structures capable of 100 
providing the computation necessary for control of soft robots. For example, the 101 
microfluidics community has demonstrated analogues of many electronic components, 102 
including digital logic gates (9, 56, 68), and composed these to form integrated fluidic 103 
processing units (88). These devices can be fabricated using elastomeric material, composed 104 
into control systems and integrated into soft robots (58, 80, 89). However, it is not easy to 105 
interface microfluidic controllers with non-fluidic soft actuators, and even fluidic actuation 106 
is limited by the low flow rates characteristic of microfluidic systems. Alongside being 107 
directly used to control a soft robot, SMCs can complement these approaches, by interfacing 108 
microfluidic control circuits with non-fluidic soft actuators. 109 
The SMC uses conductive fluid to transduce a fluidic signal into an electrical output. The 110 
use of conductive fluids in microfluidic circuits has previously been demonstrated by (81). 111 
This architecture can produce all 16 logic gates but suffers from high resistance (order 10 112 
MΩ) and the use of direct current (DC) voltages. The SMC differs by using conduction 113 
perpendicular to the direction of fluid flow (enabling analog computation), low resistance 114 
(order 10 Ω) and AC current. Together, this makes the SMC suitable for directly powering 115 
soft actuators without the need for additional amplification or control electronics.   116 
On a larger scale, both fluidic and mechanical switches suitable for controlling soft robotics 117 
have been developed. For example, (60) developed a soft valve capable of controlling a 118 
gripper and earthworm-like walking robot, and in (83) these were composed to form 119 
elementary electronic components, including 2-bit adders, shift-registers and edge-120 
detectors. Fluidic controls have also been integrated into origami structures (37), while 121 
mechanical logic gates (63) can be directly 3D-printed into the body of the robot. In all 122 
cases, integrating the control structure into the body of the robot remains challenging. We 123 
demonstrate in this paper that SMCs can be integrated directly into the body of a robot with 124 
only minimal modification.  125 
Another approach to embedding soft matter computation uses dielectric elastomer (DE) 126 
switches, logic devices and oscillator circuits (8, 47, 48). These devices have been composed 127 
to create flip-flops and used to control artificial muscles (49). However, DEs require 128 
additional electronics to generate the high voltages necessary for their operation and the use 129 
of thin sheets of elastomer mean they are often not robust. 130 
Finally, many soft systems are designed to exploit the complex, passive dynamics of the 131 
body, often referred to as morphological computation (25). In morphological computation, 132 
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the mechanical structure is designed such that the desired behaviour emerges from the 133 
interaction of the robot with its environment. This can reduce—or even eliminate—the need 134 
for external control (5, 6, 12, 26, 40, 44, 66, 90). However, while a simplification of the 135 
control problem can be identified in these examples, there is still no clear set of design 136 
principles which can be followed to exploit this effect. 137 
Our approach is to design a fundamentally new computational mechanism using only soft 138 
materials. By developing soft computational mechanisms, we can achieve a closer 139 
integration of material and computational substrates, enabling soft robots to retain all of the 140 
benefits of soft materials and taking steps towards the intelligent, adaptive materials seen in 141 
natural systems. Figure 1A presents our concept for such a soft robotic system. While this 142 
level of integration is not yet possible, we demonstrate the fundamental components (Figure 143 
1B-D) that could be combined with developments in energy storage (55) and soft sensing, 144 
to create such a robot. The SMC is the mechanism which enables all of these components, 145 
and we believe a significant step towards the kind of integrated, autonomous, soft robot 146 
shown in Figure 1A. 147 
Here, we first introduce the concept behind the Soft Matter Computer, before demonstrating 148 
a range of fundamental computational functions, including switching, amplification, 149 
filtering, and digital logic. We then demonstrate the ease with which these structures can be 150 
integrated into, and used to control, soft robotic systems in three applications: (i), a 151 
Softworm robot that is controlled by an SMC that generates the control signals necessary 152 
for three distinct gaits, (ii), a soft gripper with programmable reflexes that we use to encode 153 
the sequence of actuation necessary to autonomously produce a power grip, and (iii), a 2 154 
degree-of-freedom bending actuator that we switch between three distinct behaviours by 155 
varying only one input parameter. We believe that our Soft Matter Computer is an important 156 
step towards easy-to-fabricate, untethered and intelligent soft materials and robots. 157 
Results  158 
The Soft Matter Computer 159 
 160 
The fundamental building block of the Soft Matter Computer is the conductive fluid receptor 161 
(CFR). A CFR consists of any (soft matter) tube with two electrodes placed in parallel to 162 
the direction of fluid flow, but on opposing sides of the tube (see Figure 2A for a schematic 163 
diagram). The electrodes may be completely in-line with each other; overlapping; or 164 
separated by an offset. The electrodes can be connected by introducing a conductive fluid 165 
into the region of the tube spanned by the electrodes. By injecting a pattern of insulating 166 
and conducting fluids into the tube, a binary control signal is generated. As this signal 167 
progresses through the tube, any electrical load in series with the CFR is switched. 168 
 169 
A minimal Soft Matter Computer consists of a single CFR, a mechanism for creating and 170 
advancing the input (the pattern of conducting and insulating fluids) and an electrical load 171 
(e.g. an actuator) to indicate the output. Input patterns may be generated during operation 172 
of the system by a controller or pre-loaded into the tube and advanced when triggered.  173 
When operated in this second mode, the input may be advanced by mechanical pressure 174 
generation, a DC motor-powered pump, or by using the output of another CFR to drive a 175 
low-boiling point fluid powered soft pump. More complex Soft Matter Computers can be 176 
constructed by connecting multiple CFRs together, either fluidically (by placing multiple 177 
CFRs on a single tube); electrically (by connecting the outputs of multiple CFRs together, 178 
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either in series or parallel); or electro-fluidically, by connecting the electrical output of one 179 
CFR to the fluidic input of another via a connection element (introduced later in this paper). 180 
 181 
In computational terms, we consider the choice of electrode length, Lelectrode, electrode offset, 182 
Loffset, and separation between consecutive CFRs, S, to be the program of a particular Soft 183 
Matter Computer. The pattern of conducting and insulating fluids represents the input to the 184 
SMC, with the output given by the current flowing through the electrical load(s).  185 
 186 
Although independent of the choice of immiscible fluids, in this paper we use saturated 187 
saltwater (red liquid in figures) as the conductive fluid and air as the insulating fluid. When 188 
a CFR is powered with an AC electrical signal (with RMS voltage VAC), this leads to an 189 
average on resistance of 10 Ω (and corresponding on current, ION) and an off resistance of 190 
over 10 MΩ. The on resistance is sufficiently low that many commonly used soft actuators 191 
can be driven at low voltages (5-15 V) via a CFR. We demonstrate this by using a CFR to 192 
control a pair of reverse-polarity LEDs (Figure S1A, Supplementary movie S8) and to 193 
switch both a shape-memory alloy (SMA) actuator (Figure S1B) and a low-boiling point 194 
fluid pouch motor (Figure S1C). These results show that the CFR is suitable for the control 195 
of a wide range of soft robotic systems (7, 21, 33, 62, 77). 196 
 197 
Analogue computing 198 
 199 
Next, we show that a single CFR can perform analogue style computation, by modifying a 200 
continuous quantity, the duty factor of the output signal, Dout. We further show that this 201 
modification of the duty factor can be used to allow only signals within a specific region of 202 
input parameter space to produce PWM outputs, with the remaining signals either fully 203 
amplified (i.e. output duty factor is 1) or fully filtered (i.e. output duty factor is 0). Within 204 
this region, input signals are modified according to the sign and magnitude of the effective 205 
electrode length, Leff = Lelectrode – Loffset. 206 
 207 
In digital systems, pulse-width modulated (PWM) signals are commonly used to represent 208 
analog quantities such as voltage. PWM signals are described by a frequency and duty factor 209 
(which represents the fraction of the waveform which is high), with the duty factor used to 210 
represent the analog quantity. For example, if our system had a minimum voltage of 0 V 211 
and maximum voltage of 5 V, we would map 0 V to a PWM signal with duty factor 0, 2.5 212 
V to a duty factor of 0.5, and 5 V to a duty factor of 1. 213 
 214 
We consider PWM input signals, characterised by a wavelength, λ, and input duty factor, 215 
Din, which represents the fraction of the input signal which is conductive (see Figure 2A, 216 
upper panel). Although PWM signals are typically described in terms of frequency, 217 
wavelength is the natural representation for our spatial input signals. Note that frequency 218 
domain versions of the plots in this section are also available in the Supplementary 219 
materials, Figure S4. We assume a constant flow rate for the input and begin our analysis 220 
once the tape has progressed an initial distance L0, such that the left edge of the first 221 
conductive region is in contact with the start of the first electrode. We also introduce the 222 
defining parameter of the CFR geometry, the effective electrode length, Leff = Lelectrode – 223 
Loffset. This is the extent to which the two CFR electrodes overlap. A negative Leff 224 
corresponds to the case where the distance between the two electrodes Loffset, is greater than 225 
the electrode length, Lelectrode.  226 
 227 
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When passing through a CFR, a pulse of conductive fluid of length Lconductive = λDin will 228 
cause an output pulse of length Lconductive + Leff (See Figure 2A for a pictorial representation 229 
of the mechanism, for cases where Leff = Lelectrode and Leff < 0) and output duty factor Dout = 230 
Din + Leff / λ. This means that the sign of Leff can be used to determine whether the CFR acts 231 
as an amplifier (by increasing the duty factor, Dout, and thus power of the output), or filter 232 
(by decreasing the duty factor, Dout). The magnitude of Leff determines the amount of 233 
amplification or filtering. We explore this further by considering two cases: fixed 234 
wavelength and fixed input duty factor. 235 
 236 
Fixed Wavelength 237 
 238 
Figure 2B plots the output duty factor for two fixed wavelengths (λ = 100 mm, top panel 239 
and λ = 25 mm, bottom panel) against input duty factor, for a range of values of Leff. In the 240 
case of positive Leff, low duty factor input signals produce PWM output signals, while inputs 241 
with duty factor above the cut-off value of Dcut-off = 1 – (Leff / λ) produce an output that is 242 
constantly on. If Leff is negative, then the high-duty factor input signals will produce an 243 
output, but those with an input duty factor below Dcut-off = Leff / λ will not. Thus, if the input 244 
wavelength is fixed, by selecting Leff, a designer can determine whether a CFR allows high 245 
or low duty factor signals to produce PWM outputs, and the cut-off value where this occurs. 246 
For example, if we create a CFR with Leff = -15 mm and apply an input signal of λ = 100 247 
mm, then only inputs with Din > Dcut-off = 0.15 will result in a non-zero output. On the other 248 
hand, if Leff = 10 mm, then only inputs with Din < Dcut-off = 0.9 will produce a PWM output.  249 
 250 
We confirmed these relationships by applying input signals of λ = 100 mm and duty factors 251 
ranging from 0.2 to 0.8 to a test CFR with Leff of 3 mm, 10 mm and -15 mm. Figure 2C plots 252 
the corresponding duty factors. The relationship is shown to hold, with Leff = 3 mm mapping 253 
to outputs slightly above the line of unity mapping (the response when input is mapped to 254 
output without change), while Leff = 10 mm is further above this. As expected, Leff = -15 255 
mm maps to an output below the unity line. Note that while the high-pass filtering effect of 256 
the offset CFR was confirmed, at the highest duty factors the signal through the in-line CFR 257 
began to break apart (see supplementary materials Figure S5 for further information on this 258 
effect). 259 
 260 
 261 
Fixed Duty Factor 262 
 263 
Figure 2D plots the output duty factor for the case where the input duty factor is fixed (Din 264 
= 0.1 top panel, and Din = 0.5 bottom panel) and the wavelength is varied for the same values 265 
of Leff used above. In both cases, large wavelength (i.e. low frequency) signals can pass with 266 
only minimal modification. For small wavelength signals, the output duty factor is modified, 267 
with the effect determined by the sign of Leff. In the case of positive Leff, low wavelength 268 
signals are amplified, with the cut-off wavelength given by λcut-off = Leff / (1 – Din), while in 269 
the case of negative Leff, low wavelength signals are filtered, with the cut-off wavelength 270 
given by λcut-off = Leff / Din. For example, if we have a CFR with Leff = 10 mm and Din = 0.5, 271 
then signals with λ < λcut-off = 20 mm will be fully amplified (i.e. Dout = 1). Figure S4 plots 272 
the same data as Figure 2D in the frequency domain. 273 
 274 
We have shown that a Soft Matter Computer containing only a single receptor can perform 275 
analogue computation by modifying the duty factor of pulse width modulated (PWM) input 276 
signals. The specific computation performed by the system can be programmed in hardware 277 
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(by varying the electrode length) or in software (by changing the wavelength or input duty 278 
factor of the signal). This shows that an SMC can be programmed to differentially filter 279 
PWM input signals, allowing only some signals to produce PWM outputs, while others are 280 
either fully amplified or fully filtered. This ability forms the basis of a simple behaviour 281 
switching system, demonstrated later in this paper. 282 
 283 
 284 
Digital computation 285 
 286 
Alongside analogue computation, it is also straightforward to conduct digital computation 287 
by electrically connecting multiple CFRs. By connecting two CFRs either in parallel or 288 
series and varying whether the CFRs are initially connected by conducting fluid or not, we 289 
can construct all fundamental binary operators, except for XOR. Note that XOR can be 290 
easily constructed by composing multiple SMC-gates. Figure 3A shows the schematics of 291 
five possible configurations. To confirm these gates function as expected, we fabricated 292 
each and used them to drive a shape-memory alloy actuator to visually indicate the output. 293 
Figure 3B shows the NOT gate, super-imposed on the current through the CFR, while Figure 294 
3C demonstrates the remaining logic gates. Supplementary movies S9-12 show the AND, 295 
OR, NAND and NOR configurations respectively, driving the SMA output indicator. In all 296 
cases, the expected truth table output is demonstrated. Note that due to the serial and parallel 297 
addition of the respective resistances, an output driven by an AND gate will see an SMC 298 
resistance of approximately 20 Ω, while an output driven by an OR gate will see a resistance 299 
of 5 Ω. 300 
 301 
In order to create more complex functions, it is necessary to compose multiple logic gates. 302 
To do this with the SMC, we developed an Electro-fluidic diode (ED) that sends the output 303 
of one CFR to the input of another. The Electro-fluidic diode is formed by sealing a 304 
conductive fabric heating element and a small amount of low-boiling point fluid inside a 305 
pouch motor (45) and then sealing this pouch motor inside a urethane vessel with a fluidic 306 
output port The Electro-fluidic diode converts electrical input energy (and information) to 307 
mechanical output energy (pressure). The ED requires approximately 100 mA to activate 308 
and is easily powered by the output of a CFR (87). We can compose two CFRs by using an 309 
ED as the electrical load connected to one CFR and attaching the fluidic output of the ED 310 
to the second. Figure 4A shows a composite Soft Matter Computer, while Figure 4B shows 311 
a schematic diagram of the Electro-fluidic diode. The composite SMC consists of a 312 
(mechanical) pressure driven switch (CFR1) and a CFR NOT gate (CFR2), joined by an 313 
Electro-fluidic diode. When the mechanical pump is activated, it advances the fluid in the 314 
CFR1, applying current to the Electro-fluidic diode. This generates an output pressure, 315 
which advances the fluid into CFR2. This in turn switches the output of CFR2 (an SMA 316 
powered indicator) off. Supplementary movie S13 shows this sequence. This behaviour is 317 
shown in Figure 4A, which shows keyframes of this sequence, and figure 4C, which shows 318 
the current through the two CFRs respectively. The use of the ED to make this connection 319 
causes an additional switching time of 5 seconds. By miniaturising the Electro-fluidic diode, 320 
we expect to greatly reduce both the switching delay and activation current. 321 
 322 
The ability to compose multiple logical functions into a more complex structure enables the 323 
exploitation of the many logical and computational structures used in digital electronics. 324 
These structures could lead not only to reactive soft robots, but also systems which possess 325 
a form of memory (e.g. via composing multiple gates into a flip-flop structure). 326 
 327 
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Controlling robots with Soft Matter Computers 328 
 329 
In order to demonstrate the potential of the SMC in robotics, we used Soft Matter Computers 330 
to control three soft robots. 331 
 332 
Self-controlled Softworm robot 333 
 334 
First, we show that an SMC controller can be integrated directly into the body of a Softworm 335 
robot, inspired by (76). Figure 5A shows top and side views of the SMC-Softworm with a 336 
closed channel for the fluidic input tape and spacing for two CFRs embedded into the 337 
structure. Softworms move by exploiting the contraction of two shape-memory alloy 338 
actuators embedded in their underside and the controllable friction of the two feet. By 339 
varying the contact angle of the feet, it is possible to switch between low and high-friction 340 
states. A crawling gait can be produced by creating a pattern of actuation which switches 341 
on one SMA, then after some time, switches on the second SMA. After further time, the 342 
first SMA is switched off and, finally, the second is switched off. Figure 5B shows the 343 
desired pattern in terms of SMC activation. Further details can be found in (74, 76). 344 
 345 
To create this pattern of actuation in our SMC-Softworm, we placed the electrodes such that 346 
the spacing between electrodes (S1, S2, as shown in Figure 5B, C and D) was not equal and 347 
injected an amount of conductive fluid with S2 > Lconductive > S1. The closed-loop tape was 348 
advanced by a peristaltic pump mounted on top of the robot. Figure 5E shows key-frames 349 
of the top and side views of the CFR controlled Softworm during locomotion. The CFR 350 
controlled worm moves at a mean forward velocity of 0.333 mm/min (see supplementary 351 
movie S11). This is lower than the original Softworm (75) and is due to the low speed of 352 
the on-board peristaltic pump and the limitations on the speed with which a stable signal 353 
can be propagated through a CFR. This limitation is discussed in detail later in this paper. 354 
Note that the speed of the Softworm could also be increased by reducing the length of the 355 
channel the input flows through. In this case we chose the design that was easiest to 356 
manufacture.  357 
 358 
Softworms have also been shown to be capable of both inching and wriggling behaviours 359 
(75). The control signals for these two gaits are shown in Figure 5C-D respectively. To 360 
create the inching gait, we altered the positioning of the CFRs such that the two CFRs 361 
divided the entire tube into two equal sections (i.e. S1 = S2). We also modified the input 362 
pattern to consist of two equal lengths of conductive fluid (Lconductive,1, Lconductive,2), separated 363 
by two equal lengths of insulating fluid (i.e. Lconductive,1 = Lconductive,2 < S1 = S2). To create the 364 
wriggling control signal, we varied the initial pattern of (input) fluid that was injected to the 365 
Softworm. By reducing the length of the conductive region such that Lconductive < S1 < S2, we 366 
altered the program of the system to create a control signal which causes the first SMA to 367 
turn off before the second SMA is actuated. Figures 5B-D show the current measured 368 
through each CFR against time, demonstrating that all three possible Softworm control 369 
signals can be created with the SMC. 370 
 371 
Simple oscillatory signals are often sufficient to generate locomotion (50, 61). Typically, 372 
these are generated by a conventional microcontroller, either integrated into the system, or 373 
attached via a tether. The SMC represents a facile method by which a system for generating 374 
such signals can be integrated into the body of a soft robot. Although this instantiation of 375 
the SMC still uses a rigid component (in the form a peristaltic pump used to advance the 376 
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input), eliminating the need for external control electronics represents a step towards 377 
untethered, fully soft robots. 378 
 379 
Programmable reflexes in a soft robotic gripper 380 
 381 
Next, we show how the digital computation performed by the SMC can be used to program 382 
the reflexes of a soft gripper. Figures 6A-B show the design of an SMC controller for three 383 
SMA actuated fingers. Each finger is connected to two CFRs in an OR gate configuration. 384 
These two CFRs are located along the same tube and attached to a mechanical (pressure) 385 
input containing conductive fluid. When pressure is applied to an input, the conductive fluid 386 
moves through the channels into the CFR regions. The applied voltage is selected such that 387 
the current through a single CFR provides enough heating to prime the actuator but is 388 
insufficient to activate the SMA. When further pressure is applied, the second CFR is 389 
connected, causing rapid actuation of the SMA finger. Figure 6C shows the total current 390 
flowing through the gripper when all three inputs are pressed simultaneously, while 6D 391 
shows the current when each input is pressed and released sequentially. By controlling the 392 
amount of fluid injected into the input chamber, we vary the distance the fluid has to travel 393 
through the channels before reaching the CFRs. In this way, we mechanically programmed 394 
a power grip action, in which two of the fingers perform an initial grasp, with the third 395 
actuating later. Figures 6E-F shows key-frames of this sequence, while supplementary 396 
movie S15 shows each finger activated in turn, followed by the simultaneous activation, 397 
causing the power grip. 398 
 399 
There are a variety of cases where the delicate touch of a soft gripper is necessary, including 400 
sampling from coral reefs (67), picking fruit (15), and handling delicate materials (22). In 401 
most cases, these devices are controlled with conventional electronics via a tether. An SMC 402 
could be used alongside conventional electronics to provide a set of fast, locally controlled 403 
reflexes without requiring the integration of rigid components 404 
 405 
Behaviour switching in a 2-DOF soft actuator 406 
 407 
Finally, we show that a single SMC can produce multiple behaviours by varying only a 408 
single parameter of the input signal (the duty factor in this case). To demonstrate this, we 409 
designed a two degree of freedom bending actuator and controlled it with a single SMC, 410 
containing two CFRs (see Figure 7A). The first CFR (CFR1) had offset electrodes, with 411 
Lelectrode = 10 mm and Loffset = 25 mm. The second CFR (CFR2) was in-line with electrode 412 
length Lelectrode = 10 mm. Note that this meant the two CFRs had differing resistances, and 413 
to drive the system at a single voltage, we used a 120 Ω resistor, R, in series with CFR2 to 414 
ensure the current through each SMA was approximately the same. These two CFRs were 415 
separated by a distance of S = 40 mm. We applied an input signal with a wavelength of λ = 416 
120 mm and varied only the duty factor. Key-frames from one of these sequences are shown 417 
in Figure 7B. With a duty factor of 0.1, the conductive region (Lconductive) had a length of 12 418 
mm, enough to activate CFR2, but not CFR1. When applied to the bending actuator, this 419 
caused it to alternate between its resting position and one-sided bending. The trajectory 420 
generated by this input is shown in Figure 7C. Increasing the duty factor to 0.5 generated 421 
an input signal with Lconductive = 60 mm. This switched CFR1 on and then off, before 422 
activating CFR2. This caused the actuator to switch between the two opposite bending 423 
states, via the resting state. This trajectory is shown in Figure 7D. Finally, we applied a 424 
signal with a duty factor of 0.8. This caused the CFR2 to activate before CFR1 switched 425 
off. When applied to the actuator, this generated a two-dimensional cyclic path for the end 426 
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of the actuator, as shown in Figure 7E. During this sequence, the tip moved via a compressed 427 
state caused by the simultaneous activation of both SMAs. These cycles can be seen in 428 
supplementary movie S16. 429 
 430 
By simply changing the fluid input control sequence, we were able to selectively transition 431 
between a range of actuation trajectories. Specifically, we use a change in a continuous 432 
quantity, the length Lconductive of the conductive region, and therefore the duty factor Din to 433 
switch between distinct behaviours. Using change in a continuous quantity to switch 434 
between qualitatively different behaviours has been proposed to explain the switch between 435 
swimming and walking in salamanders (31) and a range of other behaviours (24). These 436 
results suggest that an SMC can not only generate oscillatory or reflexive signals but can 437 
also be used to control robots where switching between behaviours is needed. 438 
 439 
 440 
Discussion  441 
This paper presents the Soft Matter Computer (SMC), a soft-matter computational 442 
mechanism that can be easily integrated into soft robots. An SMC consists of one or more 443 
Conductive Fluid Receptors (CFRs), representing the program of the SMC, and a pattern of 444 
conducting and insulating fluids as input. We have shown that even a single CFR is 445 
sufficient for performing analogue computations and that digital computation is possible 446 
with two or more CFRs. We have also shown that it is possible to compose SMCs in a 447 
variety of ways, meaning the space of possible SMC architectures is far larger than those 448 
presented in this paper. 449 
 450 
A natural question to consider when introducing a new computational mechanism is the 451 
range of mappings it can perform. It has been shown that the composition of electronic logic 452 
gates can compute any function from the wide class of general recursive functions (72). The 453 
SMC can implement the same binary operations performed by these gates, meaning that 454 
theoretically it can be a basis for a Turing complete computational mechanism. While there 455 
are still fabrication challenges to be overcome before large-scale integrated SMC structures 456 
are feasible, there are many use cases where the minimal computation demonstrated here is 457 
sufficient. We believe the SMC is particularly suited for providing local, reflexive control 458 
for soft grippers and for generating oscillatory control signals for locomotion, without the 459 
need for conventional electronics. 460 
 461 
Furthermore, for certain computations, we expect that an SMC architecture is a more natural 462 
fit than a traditional electronic microcontroller. The CFR represents a fundamentally 463 
different mechanism to that used by digital logic gates, with the ability to easily mix 464 
analogue and digital style computations, and with a natural representation of a pulse of 465 
information. For example, while we can simulate spiking neural networks using 466 
conventional electronics, this requires the integration of the differential equations describing 467 
the dynamics of the neuron. The SMC, on the other hand, could naturally represent the 468 
notion of a spike with a short length of conductive fluid. 469 
 470 
We have also shown that it is possible to integrate the SMC directly into the body of a 471 
number of soft robots. This requires only the addition of a channel for the tape to flow 472 
through, the attachment of the electrodes, a suitable mechanism for advancing the tape and 473 
an AC signal source; all of which can be easily placed on-board of the system. In all three 474 
demonstrations, we have used a shape-memory alloy actuator as the output of the SMC. 475 
However, it is possible to use the output of an SMC to control any electrically or thermally 476 
driven actuator, making them suitable for controlling a wide range of robots. Furthermore, 477 
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as the SMC transduces a fluidic input into an electrical output it is also capable of interfacing 478 
more technologically mature microfluidic control circuits with non-fluidic soft actuators. 479 
This vastly increases the design space for such systems, and enables the use of fast, and / or 480 
high-power soft actuators such as shape memory alloys, ionic-polymer metal composites, 481 
and pouch motors.   482 
 483 
For an SMC-controlled robot to operate completely untethered and not require any rigid 484 
components, it is necessary to develop soft mechanisms for creating an input, advancing the 485 
input and generating an AC signal. In the simplest case, input patterns can be generated 486 
prior to operation, stored in a section of tube, and only advanced during operation 487 
(equivalent to programming a micro-controller with an external programmer). Digital SMC 488 
architectures can be used to switch between multiple pre-loaded tapes in order to create 489 
more complex behaviours. An entirely soft tape generation mechanism could be created by 490 
composing multiple SMCs into a flip-flop structure and using this to control two Electro-491 
fluidic diode-based pumps. These ED based pumps would require the addition of an extra 492 
outlet and a check valve on each outlet to function correctly. For advancing the tape, we 493 
have demonstrated two soft mechanisms: a mechanical bellow, and the Electro-fluidic diode 494 
(ED). However, there are many alternative soft pressure sources (84-86), such as the 495 
catalysed decomposition of hydrogen peroxide, also suitable for autonomously advancing 496 
the input. On the other hand, generating an AC signal without rigid components is 497 
challenging and we are currently investigating a range of alternative conductive fluids, such 498 
as liquid metals, to eliminate the need for an AC signal. 499 
 500 
We are also considering alternative computational mechanisms inspired by the way 501 
information is encoded in the Soft Matter Computer. In the SMC, electrodes create a 502 
response when they are bridged by a conductive fluid; the mutual conductivity of the 503 
electrodes and fluid transduces the information in the fluidic input into an electrical 504 
response. However, this principle of encoding information in the spatial structure of a fluid 505 
is independent of any specific transduction mechanism. For example, we could replace the 506 
electrodes with catalysts (e.g. Platinum), triggering a response when the correct mixture of 507 
reactants (e.g. H2O2) flow into the active (catalysed) region. 508 
 509 
Throughout the development of these devices, we encountered two main limitations. Firstly, 510 
even at high frequencies, a single Conductive Fluid Receptor has a resistance of 511 
approximately 10 Ω, limiting the amount of current we can deliver. Combining units in 512 
series compounds this problem, as does adding an offset to the electrodes. Although this can 513 
be overcome by the construction of an electronic buffer circuit, this comes at the expense 514 
of added complexity. We expect that alternative conductive fluids such as liquid metals will 515 
overcome this limitation. Secondly, determinism in the SMC requires that the lengths of the 516 
conductive and non-conductive fluid regions remain approximately constant throughout 517 
operation. We tested the long-term stability of the SMC pattern, finding that at low speeds, 518 
the pattern is stable, with mean duty factor changing from 0.174 to 0.151 after 8 hours of 519 
operation (See Figure S6). We suspect that much of this variation may be due to imperfect 520 
sealing of the tube, however. However, we found that the pattern can be affected if the fluid 521 
is advanced too fast. This is due to a viscous boundary layer which forms between the 522 
saltwater and tube. At low flow rates, this viscous layer remains attached to the rest of the 523 
fluid and progresses with it. At higher speeds, this layer detaches from the fluid, to be then 524 
collected by the next section of saltwater. Finally, at high enough speeds, the depth of the 525 
viscous boundary layer is enough to connect two conductive regions. At this point, fluid 526 
does not flow along the tube in discrete elements anymore (see Figure S5 for images of the 527 
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salt-water tape breaking down). Supplementary movie S17 demonstrates an SMC actuating 528 
a SMA actuator at the maximum currently attainable speed. We also found that the use of 529 
AC current means no observable electrolysis occurs during operation (See Figure S7 for a 530 
comparison of the observable electrolysis for AC and DC voltages).  531 
 532 
Conversely, we found that the tape remained intact during body deformation. This is best 533 
observed in the SMC-Softworm, where large deformations of the body are necessary for 534 
locomotion, yet the tape remained intact throughout. We repeated the long-term stability 535 
test with a deformed tube and found that the mean duty factor reduced from 0.23 to 0.175 536 
after 8 hours of operation (See Figure S6B). We expect that extreme deformations (enough 537 
to cause buckling within the tube), or deformation that is localized to the CFR region would, 538 
however, effect the operation of the SMC.  539 
 540 
The interplay between the various forces affecting the tape as it progresses through the SMC 541 
also determines the length scales where the SMC concept could be applicable. The Reynolds 542 
number for flow in a tube scales linearly with the mean velocity of the fluid and the 543 
hydraulic diameter of the tube, meaning that as the SMC is miniaturized, higher fluid 544 
velocities become possible without inertial effects influencing the flow. Similarly, the 545 
balance of viscous forces to interfacial tension is captured by the dimensionless capillary 546 
number, Ca, which is linearly proportional to fluid velocity. This suggests that the SMC 547 
concept should be applicable at the micro-scale, and we are current exploring microfluidic 548 
fabrication techniques to realise this.  549 
 550 
This paper has presented the Soft Matter Computer, a soft matter computational mechanism 551 
that can be easily integrated into soft robots and used to control a wide range of soft robots. 552 
The mechanism uses the placement of electrodes to control the way in which an input pattern 553 
of conducting and insulating fluids is mapped to an output current flowing through the 554 
electrodes. The mechanism can be used to create analogue, digital or hybrid computations, 555 
and can be easily integrated into smart materials or soft matter robots, paving the way for 556 
more sophisticated soft robots and intelligent compliant structures. 557 
 558 
 559 
 560 
Materials and Methods 561 
 562 
Fabrication of a Conductive Fluid Receptor (CFR) 563 
 564 
CFRs were made from Polydimethylsiloxane (PDMS, Farnell, UK). Molds for the two 565 
halves of a CFR were first printed on an Objet Connex in Verowhite. PDMS parts A and B 566 
were mixed in a 10:1 ratio, poured into the mold and cured for 24 hours at 40º C. Once 567 
cured, gold plated copper wire electrodes were cut to length, bent to shape by hand and 568 
inserted into the CFR halves. The two halves were then sealed together with a layer of 569 
uncured PDMS and silicone tubing sealed into both ends, also with a layer of uncured 570 
PDMS. We were also able to fabricate working CFRs by hand sewing electrodes into pre-571 
fabricated silicone tubes. 572 
 573 
Frequency response and resistance measurements 574 
 575 
The frequency response of a CFR was measured with a potential divider setup. A 576 
potentiostat (Hokutu Denki HA-151B) was used to provide the input voltages, with 577 
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resistance calculated by measuring the voltage drop across a 10 Ω load resistor (RS 578 
Components, UK) with a data acquisition unit (NI-USB 6229, National Instruments, UK). 579 
A similar approach was used to measure the resistance when investigating the relationship 580 
between electrode offset and resistance. This setup was also used for the reliability tests. In 581 
this case, the input was advanced by the same peristaltic pump used to power the Softworm 582 
robot. The pump was operated continuously for 8 hours, with current measurements taken 583 
for 10 minutes at hourly intervals. A python script was used to calculate the duty cycle 584 
throughout this period. 585 
 586 
Fabrication of pouch motors 587 
   588 
Pouch motors were fabricated from polyethylene. 40 mm lengths of polyethylene tube were 589 
cut and heat sealed along one edge. Wires were hand sewn into a conductive fabric (Adafruit 590 
Knit Jersey Conductive Fabric, Farnell, UK) which formed a heating element, and this was 591 
placed into the half-sealed polyethylene. 1 ml of low boiling point fluid (Novec 7100, Sigma 592 
Aldrich, UK) was injected into the bag. Finally, the top of the bag was also heat sealed. 593 
 594 
Fabrication of Electro-fluidic diode (ED) 595 
 596 
The Electro-fluidic diode was made from Vytaflex 30 (Bentley Advanced Materials, UK). 597 
Molds were printed on the Objet Connex out of Tangoblack. Vytaflex parts A and B were 598 
mixed in a 1:1 ratio, degassed, poured into the mold and left to cure for 4 hours at 40º C. 599 
Separately, a lid for the chamber was cast. The pouch motor was placed inside the chamber 600 
and the connecting membrane was then sealed on top of the chamber with uncured Vytaflex 601 
30. Once cured, an outlet hole was cut and a silicone tube sealed with further Vytaflex 30. 602 
 603 
Fabrication of the Softworm robot 604 
 605 
Molds for the top and bottom parts of the Softworm were printed on an Objet Connex out 606 
of Verowhite. Separately, the low friction feet of the worm were also printed in Verowhite. 607 
The Softworm was cast out of Sorta-Clear 12 (Bentley Advanced Materials, UK). Parts A 608 
and B were mixed in a 1:1 ratio, degassed and poured into the mold. After curing for 4 hours 609 
at 40º C, gold-plated copper electrodes were cut, shaped by hand and placed into the 610 
appropriate locations. The two halves were then sealed together with a layer of uncured 611 
elastomer. The two feet were also attached with a layer of uncured elastomer. Finally, SMA 612 
actuators were cut to length and threaded through the body of the Softworm. Two short 613 
lengths of silicone tubing were attached to each end of the fluid channel and attached to a 614 
micro peristaltic pump (RP-Q1 Miniature peristaltic pump, Takasago Electric). 615 
 616 
Fabrication of the gripper 617 
 618 
Molds for the gripper base were printed in Verowhite on an Objet Connex. PDMS elastomer 619 
was mixed in a 10:1 ratio, poured into the molds and allowed to cure for 24 hours at 40º C. 620 
Once cured, electrodes were cut to length, bent to shape and placed in by hand. The two 621 
halves were then sealed together with a further layer of uncured elastomer. Separately, a 622 
two-part mold for the input domes was printed on the Objet Connex (top part Verowhite, 623 
lower part Tangoblack). PDMS was mixed as before and poured into the lower mold. The 624 
upper mold was then pressed into the lower mold. Once cured, the domes were sealed on 625 
top of the gripper with a further layer of uncured PDMS. Three fingers were printed on an 626 
Objet Connex in Tangoblack. SMA actuators were threaded into the channels shown in 627 
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Figure 6. The fingers were bonded into the gripper using Sil-Poxy. Finally, a mixture of salt, 628 
water and red food dye was mixed and injected into the input chambers. 629 
 630 
 631 
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Figures and Tables 907 
 908 
Fig. 1. The Soft Matter Computer (SMC). (A) (left) A concept for an entirely soft, entirely 909 
autonomous robot with integrated Soft Matter Computer control. This paper demonstrates a 910 
number of the individual components necessary for such a robot. The building block of the SMC 911 
is the conductive fluid receptor (right). Two electrodes are connected in series with an electrical 912 
load. When conductive fluid is injected into the region between these electrodes, the load is 913 
switched on. (B) An SMC controlled Softworm robot, capable of producing three behaviours. (C) 914 
A soft gripper with programmable reflexes provided by an integrated SMC controller. (D) A two-915 
DOF bending actuator that can be switched between three behaviours (i.e. tip trajectories) by 916 
varying a single parameter of the input. 917 
 918 
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 919 
Fig. 2. Analogue soft matter computing. (A) The mechanisms by which the in-line (top) and 920 
offset (bottom) versions of the CFR can filter or amplify respectively the duty factor of PWM input 921 
signals. The right-hand images show the idealised output of each CFR, with the effect of the CFR 922 
geometry on the input signal (wavelength λ, conductive region length Lconductive = λDin) shown in 923 
the shaded region. (B) the relationship between input duty factor Din and output duty factor Dout 924 
for fixed wavelengths of λ = 25 mm (top) and λ = 100 mm (bottom), (C) The output duty factor is 925 
plotted against input duty factor for three CFR geometries and an input of λ = 100 mm and duty 926 
factors Din ranging from 0.2 to 0.8 and (D) the relationship between input wavelength λ and output 927 
duty factor Dout for input duty factors of Din = 0.1 (top) and Din = 0.5 (bottom).  928 
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 929 
Fig. 3. CFR logic elements. (A) By connecting two CFRs either in parallel or serial, all 930 
fundamental logic elements bar XOR can be built. (B) A NOT gate is used to drive a shape memory 931 
alloy actuator. (C) The full truth tables are demonstrated for the remaining logic elements. 932 
 933 
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 934 
Fig. 4. Composition of digital CFRs. (A) A composite SMC, consisting of two SMCs, an Electro-935 
fluidic diode, a mechanical pressure input and a shape memory alloy actuated display are shown. 936 
CFR1 is in the switch configuration, has an input advanced by a mechanical pump and has the 937 
Electro-fluidic diode as its output. CFR2 is in the NOT gate configuration, has an input advanced 938 
by the Electro-fluidic diode and has an SMA driven display as its output. In i), the mechanical 939 
pump is switched off, meaning the input to CFR1 is also off. As CFR2 is a NOT gate, this means 940 
the display is turned on. In ii), the mechanical input is turned on, connecting CFR1 and causing 941 
current to flow. This current drives the pouch motor inside the Electro-fluidic diode. In iii), the 942 
pressure generated by the Electro-fluidic diode has advanced the conductive fluid beyond CFR2, 943 
switching the display off. In iv), mechanical switch is released, switching CFR1 off. The output 944 
remains off while the fluid inside the Electro-fluidic diode returns to its initial position. (B) A 945 
schematic of the Electro-fluidic diode. When a voltage Vin is applied to the conductive fabric 946 
heating element, the resultant Joule heating causes the low boiling point (LBP) fluid to boil. This 947 
increases the pressure Pout at the outlet of Electro-fluidic diode. (C) The current through the two 948 
CFRs during this sequence. 949 
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 950 
Fig. 5. A Softworm with integrated SMC controller. (A) A schematic diagram from both side 951 
and top views. (B) - (D) The input patterns required to produce crawling, inching and wriggling 952 
gait respectively, with the current drawn by the Softworm below. (E) Both top and side views of 953 
the crawling gait. 954 
 955 
 956 
 957 
 958 
 959 
 960 
 961 
 962 
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 963 
Fig. 6. Programmable reflex gripper. (A) A top view and (B) a schematic diagram of the gripper. 964 
(C) The current through the gripper during pressing of all three inputs (simultaneously). (D) The 965 
current through the gripper for a sequence of three individual presses, stimulating a different finger 966 
for each of the presses. (E) The top and side views of the fully actuated gripper. (F) The top and 967 
side views when the bottom pressure input is pressed and the left finger actuating in response. 968 
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 980 
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 981 
 982 
Fig. 7. Behaviour switching by varying a single input variable. (A) Schematic diagrams of both 983 
the Soft Matter Computer and two degree of freedom bending actuator. Briefly, the SMC consists 984 
of two CFRs separated by a distance S = 40 mm. Both CFRs have electrodes of length Lelectrode = 985 
10 mm. CFR1 has an offset Loffset = 25 mm, while CFR2 has an offset Loffset = 0 mm. A resistance 986 
of R = 120 Ω is placed in series with CFR2. (B) Three key-frames from the behaviour produced 987 
when driven with an input signal with a duty factor of 0.5. (C) Tip trajectory when the SMC is 988 
given an input with a short (0.1) duty factor. (D) The tip trajectory when the SMC is given an input 989 
with a medium (0.5) duty factor. (E) The tip trajectory when the SMC is given an input with a 990 
large (0.8) duty factor. In (C)-(E), both X and Y are normalised dimensions. 991 
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 1020 
Figure S1: Three outputs controlled by Soft Matter Computers. (A) The current through two 1021 
reverse polarity LEDS as they are switched by a single CFR Soft Matter computer. (B) An SMA 1022 
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driven indicator is switched by a single CFR SMC. (C) A pouch motor (outline indicated in 1023 
yellow) is inflated via a single CFR SMC.  1024 
  1025 
 1026 
 1027 
Figure S2: Frequency Response of the conductive fluid receptor at 3 voltages. In all cases, the 1028 
resistance drops significantly above 100 Hz. 1029 
 1030 
 1031 
 1032 
Figure S3: Resistance through a CFR as electrode offset is varied for 3 voltages. In all cases, 1033 
the resistance increases linearly with offset. 1034 
 1035 
 1036 
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1037 
Figure S4: Frequency domain analogue computing results. (A) shows the variation in output 1038 
duty factor with frequency for a fixed input duty factor of 0.1. (B) shows the variation in output 1039 
duty factor with frequency for a fixed input duty factor of 0.5 1040 
 1041 
 1042 
Figure S5: Stability of the fluidic tape. (A) Stable progression through the tube (speed = 0.23 1043 
mm/s) is demonstrated. (B) Tape breakdown at a speed of 3.68 mm/s is shown. In i), a long viscous 1044 
tail has formed on the end of one conductive region. This detaches in ii), rapidly reduces in length 1045 
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in iii), and finally is collected by the next conductive region in iv). (C)-(E) The relationship between 1046 
tape speed and the length of the viscous tail (blue) is shown. 1047 
 1048 
 1049 
 1050 
Figure S6: Long duration actuation test for undeformed and deformed tubes.  (A) sketches 1051 
the experimental setup, while (B) plots the change in mean pulse length for a normal (blue) and 1052 
knotted (red) tube. (C) shows the normal tube, while (D) shows the knotted tube.  1053 
 1054 
 1055 
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 1056 
Figure S7: Electrolysis demonstration (A) shows a CFR when a DC voltage is applied. 1057 
Electrolysis causes significant build up of bubbles, disrupting the CFR input pattern. (B) shows a 1058 
CFR with a 1 kHz AC voltage is applied. No electrolysis is observed. 1059 
 1060 
 1061 
Movie S8: CFR Concept. A single CFR is used to drive a pair of reverse polarity LEDs. As the 1062 
tape progresses through the region spanned by the electrode, the LEDs are switched. 1063 
 1064 
Movie S9: CFR AND Gate. Two CFRs are electrically connected in series to an SMA driven 1065 
output indicator. The mechanical inputs are pressed in sequence, and the truth table for an AND 1066 
gate is generated. 1067 
 1068 
Movie S10: CFR OR Gate. Two CFRs are electrically connected in parallel to an SMA driven 1069 
output indicator. The mechanical inputs are pressed in sequence, and the truth table for an OR 1070 
gate is generated. 1071 
 1072 
Movie S11: CFR NAND Gate. Two CFRs are electrically connected in parallel to an SMA 1073 
driven output indicator. The mechanical inputs are pressed in sequence, and the truth table for an 1074 
NAND gate is generated. 1075 
 1076 
Movie S12: CFR NOR Gate. Two CFRs are electrically connected in series to an SMA driven 1077 
output indicator. The mechanical inputs are pressed in sequence, and the truth table for an NOR 1078 
gate is generated. 1079 
 1080 
Movie S13: Composite SMC. A CFR switch (CFR1) is connected to a CFR NOT gate (CFR2) 1081 
via an Electro-fluidic diode. When the mechanical input is pressed, the switch activates the 1082 
Electro-fluidic diode. The diode advances the tape inside CFR2, switching the output off. 1083 
 1084 
Movie S14: SMC Softworm. Top view of the SMC Softworm. The Softworm moves forward 1085 
with a crawling gait. 1086 
 1087 
Movie S15: SMC Gripper. Top and side views of a gripper with programmed reflexes. Three 1088 
inputs are pressed simultaneously, generating a power grip.  1089 
 1090 
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Movie S16: Behaviour Switching. A soft manipulator is switched between three behaviours by 1091 
varying the duty factor of the input to the SMC.  1092 
 1093 
Movie S17: Fast actuation demonstration. An SMC is used to control an SMA actuator at high 1094 
speed.  1095 
 1096 
 1097 
 1098 
 1099 
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 1102 
 1103 
 1104 
